Affemnt sympathetic nerve jbers with mechanoreceptors in the right heart. Am. J. Physiol.
228 ( 1) : 223-230. 1975 .-Mechanosensitivity of afferent sympathetic nerve fibers from the right heart and the pulmonary artery has been examined. Action potentials of the afferent fibers that responded to tapping the right heart and the pulmonary artery were derived from upper thoracic communicating rami of both sides of anesthetized dogs. The fibers were composed of myelinated A6 fibers and unmyelinated fibers.
The receptive fields of both groups of fibers were located widely in the right heart and the pulmonary artery. Myelinated fibers ceased to fire quickly whereas unmyelinated fibers continued to fire after withdrawal of a brief mechanical stimulus. that respond to mechanical stimulation of the right heart and the pulmonary artery have been observed by Ueda and Uchida (24) .
Recently, Malliani, Recordati, and Schwartz (12) described the spontaneous activity and response to mechanical stimuli of afferent sympathetic nerve fibers originating from each of the cardiac chambers. However, the mechanism for excitation of the afferent sympathetic nerve fibers from the right heart and the pulmonary artery has not fully been examined.
This experiment was carried out to classify the afferent sympathetic nerve fibers of the right heart and the pulmonary artery and to examine their reactivity to mechanical stimulation.
METHODS

Surgical preparation. Experiments
were performed on adult mongrel dogs under intravenous pentobarbital sodium anesthesia (35-4-O mg/kg).
The trachea was intubated for artificial positive-pressure respiration with air. In 58 dogs, the upper seven or eight ribs on the left side were re moved. The anterior aspect of the heart was exposed by pericardiotomy.
The left thoracic sympathetic trunk below the fourth communicating ramus, the upper four rami, the rostra1 limb of the left ansa subclavia, and the left cervical vagosympathetic trunk were transected. In 18 dogs, the sternum and the upper six or seven ribs on the right side were removed. The right thoracic sympathetic trunk below the third communicating ramus, the upper three rami, and the right cervical vagosympathetic trunk were transected. The second or third communicating ramus of the left or right side was dissected into thin filaments using a dissecting microscope at X lo-20 magnification.
Recording electrically evoked action potentials. One of the nerve filaments was placed on bipolar platinum-iridium electrodes connected to an AC-coupled preamplifier. Another pair of stimulating electrodes was placed on either the ventral limb of the left ansa or the right stellate ganglion.
The electrodes and the nerve filament were covered with liquid paraffin warmed to 36-37°C.
Stimuli were delivered by an isolation unit connected to a square-wave stimulator and were applied via the stimulating electrodes. Pulses were monophasic and 1 .O or 2.0 ms in duration.
The evoked action potentials and the time base were displayed on the screen of a cathoderay oscilloscope from which photographic records were made. The stimulation voltage was raised stepwise to measure voltage threshold of each fiber. When more than 10 action potentials were evoked in the filament, the filament was dissected into thinner ones. The distance between the stimulating and recording electrodes was measured by a caliper. Conduction velocity was calculated from the time of the stimulation artifact to the beginning of each action potential.
Classification of fibers was made by conduction velocity (8). The fib ers that had a conduction velocity of 4.5-27 m/s were classified as myelinated A6 fibers (6, 7, 10, 15) . The fibers that had a conduction velocity of 2 m/s or less were designated as unmyelinated C fibers (8, 15). The fibers whose conduction velocities dropped between 2 and 4.5 m/s were classified as post-A6 fibers.
Recording mechanically evoked action potentials. After recording the electrically evoked action potentials, the superior and inferior caval veins, right atrium, right ventricle, rnain pulmonary artery, aortic arch, left atrium, left ventricle, and the pleurae were tapped by a finger tip. When action potentials were evoked, the region was again tapped by the blunt tip of a bamboo bar 1 mm in diameter for determination of the receptive field. The tapping pressure in grams of YASUMI UCHIDA force was monitored by a strain-gauge arch (Nihon Kohden model 10) that was connected to the bar. The rise in tapping pressure measured from the strain-gauge arch signaled the onset of tapping.
The total conduction time was obtained from the time from the beginning of tapping to the appearance or increase in number of the action potentials. Tapping the posterior wall of the right heart was carried out after lifting the heart by a thread sewn to the apex.
The main pulmonary artery was constricted by a pair of forceps to examine the effect of a rise in right ventricular pressure on activity of 13 fibers of the right ventricle. The pressure was monitored by a Statham strain gauge connected to a catheter that was introduced into the right ventricular cavity through the apex. The lag time of the pressure recording system used in this study was 1 l-l 5 ms. Ten to 20 ml of air were slowly injected into the distal segment of the main pulmonary artery through a needle to examine the effect of a rise in right ventricular pressure on 18 fibers of the right ventricle.
In a similar way, the effect of air embolization was examined in nine fibers of the pulmonary artery. The pulmonary blood pressure was monitored by a Statham strain gauge connected to a catheter that was introduced into the main pulmonary artery through the apex of the right ventricle.
The superior and inferior caval veins were occluded by the threads in order to examine the effect of a fall in right ventricular, right atrial, and pulmonary blood pressures on 32 fibers. Artificial respiration was monitored by a strain-gauge arch sewn to the left or right lung. Recording chemically enoked action potentials. In order to produce bradycardia, a dose of acetylcholine, 100 pg/kg, was injected into the left jugular vein in eight fiber preparations. In 10 fiber preparations, a dose of 100 r-19 acetylcholine was injected into the left coronary artery through a catheter inserted to the orifice of the anterior descending branch through a small branch of the left circumflex branch. Acetylcholine dissolved in physiological saline ( 10, 100, and 500 pg/ml) was dripped to the anterior wall of the right ventricle in nine fiber preparations.
The action potentials evoked by mechanical or chemical stimuli were recorded with pressures and respiratory waves on continuous film strips. Classification of fibers was made by comparing the spike height, spike duration, and configuration of the potentials evoked by mechanical or chemical stimuli with those evoked electrically (20). Elec fr id sfimulation of right fwicoronary nerves. Five dogs were used for this series of experiments.
The pericoronary nerves that run along the right coronary artery were dissected free of surrounding tissues. A train of square-wave electrical pulses (1 ms, 0.5-20 V, 20 Hz, and for 10 s) was applied to the cut central end of a pericoronary nerve via a pair of bipolar electrodes in order to examine the afferent function of the afferent nerve fibers.
RESULTS
Of 2,142 action potentials evoked by electrical stimulation of 48 1 nerve filaments of 76 dogs, 10 were evoked by tapping the superior and inferior caval veins, 40 by tapping the right atrium, 82 by tapping the right ventricle, and 22 by tapping the main pulmonary artery. Of these 138 fibers, 92 were designated as rnyelinated A6 fibers, 42 as unmyelinated C fibers, and the remaining 4 as post-A6 fibers.
The maximum rate of firing obtained by calculating the number of the action potentials per 100 ms during tapping was 41-120/s for the A6 fibers and 8-56/s for the C fibers. The majority of the A6 fibers ceased to fire quickly, whereas the majority of the C fibers continued to fire for several seconds even after the withdrawal of tapping (Figs. 1 and 2). Because of cardiac motion, we failed to apply a constant pressure to the surfaces of the right heart and the pulmonary artery. Therefore, the minimum pressure to the surfaces required for excitation of the fibers was not determined. A rise of 0.5 g in tapping pressure was frequently effective in exciting the A6 i-ibers, whereas no C fibers responded to a rise of within 0.5 g in this study. The receptive area measured by tapping ranged from 5 x 5 to 10 x 10 rnm2. The receptive fields determined by tapping were located widely on the right heart and the pulmonary artery. It was revealed that the right upper thoracic corn nun icating rami supplied the afferent fibers to both anterior and posteri or walls of the right ventricle and the right atrium and also to the pulmonary artery. Also, the left upper thoracic communicating rami supplied the afferent fibers to the anterior walls of the right ventricle, right atrium, and the pulmonary artery (Fig.  3) . It was not examined whether the left thoracic communicating rami supplied the afferent fibers to the posterior walls of the right ventricle and atrium.
Spontaneous discharge was frequently observed in both A6 and C fibers. The relationship between the spontaneous discharge and cardiac cycle or respiratory cycle was examined. Conduction time and lag time of the pressure recording system were taken into consideration. Intracardiac or pulmonary blood pressure was used as an indicator of cardiac cycle. Respiratory cycle was measured by a straingauge arch sewn to the lung. It was revealed that both the rise and fall in pressure caused by each cardiac motion were responsible for about half the A6 fibers of the right ventricle and the pulmonary artery. About one-fourth of the A6 fibers Gred only during the rise in pressure. Another one-fourth, on the contrary, fired irregularly (Fig. 4 , Table  1 ). Spontaneous firing synchronous with each cardiac cycle was observed only during elevation of pressure induced by inspiration in several occasions. In seven A6 fibers that fired irregularly, artificial respiration was stopped. Four of these fibers began to fire regularly synchronous with each cardiac cycle. Differing from the A6 fibers, the majority of the C fibers fired irregularly and independently (Fig. 4 , Table 1 ). Two fibers fired synchronous with respiration (Fig. 4) . Artificial respiration was stopped in five C fiber preparations ; however, their firing W 'as still irregul ar. The relationship between the right atri al pressu re and spontaneous discharge was also examined in eight fibers of the right atrium. Three A6 fibers fired synchronous with each atria1 pressure wave. The remaining three A6 and two C fibers fired irregularly and independently.
The effect of stopping artificial respiration was not examined. Ventricular premature beats were produced by mechanical stimulation of the left ventricular surface in eight A6 fiber preparations.
All these fibers had their receptive fields in the anterior wall of the right ventricle. An augmented firing during the phase of diastole of the premature beat was observed in three of these fibers. Two fibers were augmented during the rise and/or fall in pressure wave of the post- (Fig. 5) . The distal segment of the main pulmonary artery was constricted by a pair of forceps in seven AS and six C fibers from the right ventricle.
During constriction, the systolic right ventricular pressure rose from the control value of 15-25 up to 60 mmHg.
The rise in pressure was accompanied by excitation of four A6 and three C fibers that were silent during the control study. The discharge of these fibers was synchronous with each cardiac cycle. The other fibers that fired spontaneously in the control study were also augmented by pulmonary constriction.
The effect of pulmonary constriction was also examined in 10 fibers from the right atrium. Constriction of the artery resulted in a rise in atria1 pressure and excitation of the afferent fibers. Release of constriction resulted in a fall in pressure below the control level and disappearance of the spontaneous discharge* After several seconds, however, the pressure returned to the control level and the fibers began to fire again.
Air was injected into the distal segment of the main pulmonary artery in order to examine the effect of a rise in pressure of the right ventricle and the pulmonary artery on activity of 13 A6 and five C fibers of the right ventricle and six A6 and three C fibers of the pulmonary artery. The minimum pressure required for excitation, the pressure threshold, was calculated from the records of pulmonary constriction, pulmonary embolization, and occlusion of the caval veins. In the A6 group, the peak systolic pressure at the time the fibers began to excite was called the pressure threshold.
In the C group, the peak systolic pressure at the time the fibers began to excite was called the pressure threshold when the total conduction time was less than one cardiac cycle. When the total conduction time was over one cycle, the peak systolic pressure of the preceding beat was called the pressure threshold.
The pressure threshold of the fibers from the right atrium was determined by measuring the level of 'ra" wave at the time the fibers began to excite. The pressure threshold thus determined was 3-50, 6-58, and 3-10 mmHg for the right ventricular, pulmonary arterial, and right atria1 A6 fibers, respectively.
The pressure threshold was 15-58, 22-34, and 4-8 mmHg for the right ventricular, pulmonary arterial, and right atria1 C fibers, respectively. In both groups of fibers, the right atria1 fibers had a lower threshold than that of the right ventricular and pulmonary arterial fibers in the majority of preparations. In addition, the spontaneously firing fibers had a lower threshold than the fibers that were silent except when stimulated mechanically (Fig. 2C ).
1
. L I -vinjection of air, both right ventricular and pulmonary blood pressures rose gradually, became maximum in L-3 min, maintained the maximum level for several minutes, and gradually returned to the control levels. The maximum systolic pressure thus produced was 60-80 mmHg. All the fibers that were silent during the control study began to fire with the rise in pressure. The majority of the A6 fibers fired synchronous with each rise and/or fall in pressure wave Acetylcholine, 100 pg/kg, was injected into the left jugular vein. The injections resulted in bradycardia and dilatation of the right ventricle during the diastolic phase. All four AS fibers from the right ventricle were excited during the diastolic phase of bradycardia.
The rate of firing became the maximum at the end of the diastolic phase (Fig. 7A ). Four C fibers from the right ventricle were also excited during the phase of diastole. Three A6 fibers from the pulmonary artery fired synchronous with the extremely wide pulse pressure caused by the injection of the agent (Fig. 7B) . Acetylcholine, 100 pg, was injected into the left coronary YASUMI UCHIDA caused by cardiac motion. Continuous firing from the beginning of rise to fall in each pressure wave \yas also observed in several occasions. The fibers that fired spontaneously during the control study were also augmented. Their firing was also synchronous with each pressure wave, irrespective of their firing pattern in control study. The C fibers that &ed spontaneously during the control study also showed a tendency to fire tonically synchronous with each cardiac cycle. The augmented firing of both groups of fibers, however, was transient and ceased to fire or returned to the rate of firing of the control study before the pressure returned to the control levels (Fig. 6) . The inferior and superior caval veins were occluded in 13 A6 and seven C fiber preparations.
These fibers were from the right ventricle.
The effect of occlusion was also examined in five A6 and three C fibers from the pulmonary artery and four A6 and three C fibers from the right atrium. Three to 10 s after the occlusion, both systolic and diastolic pressures in the right ventricle and the pulmonary artery fell. A fall in right atria1 pressure, measured through a catheter inserted into the cavity through the right jugular vein, was also observed. The spontaneous discharge of the fibers disappeared along with the fall in pressure in all occasions. After release of occlusion, the pressure returned to the control levels and overshot. The fibers began to fire again. * Two C fibers fired synchronous with respiration. Three C fibers showed tonic discharge; however, relationship between their discharge and phases of pressure wave could not be determined.
artery. Ten A6 fiber preparations were used for this series of experiments.
Five fibers had their receptive fields in the anterior wall of the right ventricle that was nourished by the anterior descending branch of the left coronary artery. The other five fibers had their receptive fields in the lateral wall of the right ventricle that was nourished by the right coronary artery. The injections resulted in bradycardia or ventricular asystole. The fibers from the lateral wall fired during the diastolic phase, whereas the fibers from the anterior wall fired irregularly.
After recovery from bradycardia, the right ventricle became smaller and the fibers began to fire synchronous with each rise and/or fall of the pressure wave.
The solutions of acetylcholine were dripped to receptive fields in five A6 and four C fibers from the right ventricle. All the fibers were excited by the agent. The minimum concentration required for excitation was 100 pg/ml. Their firing was irregular and independent of cardiac cycle in the majority of experiments. After bilateral transection of the cervical vagosympathetic trunks, electrical stimulation of the cut central end of the pericoronary nerves that were close to the right coronary artery was carried out. Stimulation with 0.5 V, which was below the voltage threshold for the majority of the A6 fibers, could not produce any significant change in systemic blood pressure and heart rate. Stimulation with 5 V, which was supramaximal for the majority of the A6 fibers, now caused a rise in systemic blood pressure and an increase in heart rate. When stimulation voltage was raised to 15 V, which was supramaximal for the C fibers ( Fig. 2A) , the magnitude of rise in pressure was increased. The rise in pressure thus produced was 5-18 mmHg. After bilateral transection of the stellate ganglia, no obvious change in systemic blood pressure and heart rate was produced by stimulation.
DISCUSSION
The results in this study indicate that the mechanoreceptors that activate the afferent myelinated and unmyelinated sympathetic nerve fibers are located widely in the right heart and the pulmonary artery. The observations therefore are in accordance with our previous study (24) and the observations by Malliani, Recordati, and Schwartz (12). Innervation of the left ventricle and the left atrium by both myelinated and unmyelinated fibers has been observed by Uchida et al. (20, 33) . Therefore, it can be concluded that all four chambers of the heart are innervated by myelinated and unmyelinated afferent sympathetic nerve fibers. In this study, it was demonstrated that the main pulmonary artery is also innervated by afferent sympathetic nerve fibers. In the left ventricle, there are the receptors of the afferent sympathetic nerve fibers that are resistant to mechanical stimuli, but sensitive to chemical stimuli (16, 19, 22) and to myocardial ischemia (1, 18, 21). It was not examined whether the right heart and the pulmonary artery are also innervated by the receptors that are resistant to mechanical stimulation.
In this study, the majority of the myelinated fibers discharged spontaneously synchronous with each cardiac beat. Tonic discharge was observed in the fibers from the right heart in our previous study in which classification of the fibers was not made (24). Malliani, Recordati, and Schwartz also observed tonic discharge in the fibers from the right heart. In this study, tonic discharge was observed in the majority of the A6 fibers and in a small number of the C fibers.
Total conduction time was obtained by calculating the time from the beginning of tapping to appearance of the action potentials.
The total conduction time thus obtained is considered to be composed of three factors: the time required for the pressure to reach the threshold pressure, the time required for excitation of the receptors, and the time for impulse conduction. Therefore, the total conduction time may not be equal to the real conduction time. However, the same three factors also may be involved in the relationship between the timing of firing and the intracardiac or pulmonary blood pressures. Therefore the total conduction time measured by tapping is considered to be not much different from the time required for appearance of the action potentials caused by a rise or fall in intracardiac or pulmonary blood pressure, and therefore we considered that the total conduction time was applicable for exaxnination of the relationship between discharge and the intracardiac and pulmonary blood pressure. This applicability was confirmed by the experiments of premature beats. In this study, three different discharge patterns were observed : systolic discharge, diastolic discharge, and irregular discharge. However, it was not examined whether the difference was due to locations of the receptors as in the case of afferent vagal fibers (Z-5). Since the unmyelinated f-ibers give a long afterdischarge in response to a brief mechanical stimulus, it is likely that the long afterdischarge in response to each cardiac beat may have produced irregular discharge of the unmyelinated fibers, This possibility was also supported by the fact that the unmyelinated fibers discharged synchronous with each cardiac cycle when acetylcholine was administered or when the pressure was elevated by pulmonary constriction or embolization. During the long diastolic phase induced by acetylcholine, the right ventricle became extremely large, indicating dis-
